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Aspects of matter-antimatter asymmetries in Astrophysics and relativistic heavy
ion collisions
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Matter-anti-matter asymmetry, expected to be very large in the Universe, is rediscussed consid-
ering effects which might not have been considered entirely before and which can also be relevant
for (high energy densities) relativistic heavy ion collisions Effects from the phase diagram of strong
interactions are raised for that.
I. INTRODUCTION
The idea of antimatter as a negative energy solution
of relativistic free fermion equation as given by Dirac
raises the issue of why the (observed) Universe is ap-
parently constituted by matter whereas fundamental
theories of elementary particle indicates the same laws
for (creating) matter and antimatter [1, 2, 3, 4, 5]. In
fact, observational Astrophysics and Cosmology indi-
cate a large baryon-antibaryon asymmetry in our Uni-
verse from cosmic background radiation (CBR) and
cosmic rays observations [2, 4, 5]. The most success-
ful mechanisms which can generated this asymmetry
are based on nonequilibrium conditions (together with
non conservation of baryonic number, CP violation)
of the early Universe, as proposed by Sakharov [6],
although most of them do not seem to be sufficient
[2]. The existence of ”hidden” antimatter could pro-
vide a reasonable solution for this problem although
antimatter in cosmic rays data and other experimen-
tal data analysed in some situations such as to yield
domains (”islands”) do not provide basis to believe
that galaxies/stars of antimatter could be present nei-
ther in the closer clusters of galaxies nor in distances
smaller than the size of the observed Universe [4].
Photons resulting from matter-antimatter annihila-
tion in the borders of the islands would be present
in cosmic rays/CMBR and their absence can be in-
dication of no antimatter islands for regions smaller
than nearly 20 Mpc. Other absent observational evi-
dences for the discredit of the existence of antimatter
islands are [5]: the missing of (very) light (primordial)
anti-nuclei (He) emitted from anti-stars in cosmic rays
and finally the non-observation of antineutrinos from
antisupernovae events - which would be a strong indi-
cation of the corresponding antimatter processes for
realising energy in such objects [5]. It is our believe
however that the general idea of ”hidden antimat-
ter” (making the Universe less baryonic-antibaryonic
asymmetric, if not totally symmetric) cannot be com-
pletely discarded yet. There are still observations to
complete the present knowledge: searching for light
antinuclei in cosmic rays, investigating with more de-
tails the CMBR anysotropies and polarization (Planck
mission) and eventually searching antimatter in other
forms or places [5]. The breaking of CP symmetry is a
relevant effect which would have allow for the baryoge-
nesis. One possible effect which can be responsible for
CP violation is briefly reminded, namely, the forma-
tion of a pseudoscalar condensate, being amplified in a
dense medium as observed in experimental reactions.
This mechanism of CP violation is not really com-
pletely forbidden by fundamental theorems [7, 8, 9].
CPT symmetry might also have been broken and, in
this case, astrophysical matter - antimatter asymme-
try would have to be reanalysed. In this sense it is
worth to remind that CPT theorem is strictly valid
for local gauge field theories in Minkowski spacetime,
making more certain its behavior in the early Uni-
verse and eventually in certain astrophysical objects.
However, in this communication, different scenarios
for the existence of (primordial) antimatter are still
considered [8].
In this article the following issues are addressed
(based in [8, 10, 11]): aspects of antimatter com-
ponents in Astrophysics, eventually considering pri-
mordial antimatter as hidden antimatter, which could
yield small corrections to the Hubble’s law; associated
issues of relevance for relativistic heavy ion collisions.
With experiments in (relativistic and high energy)
heavy ion collisions in BNL and CERN the investiga-
tion of matter and antimatter production rates at high
energy densities has been largely favored [12]. For
these subjects, aspects of the phase diagram of strong
interactions with (spontaneous) symmetry breakings
expected and/or envisaged to occur are briefly dis-
cussed.
II. GENERAL ASPECTS
A general field theory with fermions, vector (gauge),
and spin zero fields (φi, including interacting terms
V [φi]), in curved space time with non minimal cou-
pling of gauge and scalar fields to the gravitational
field can be given by [13]:
S =
∫
d4x
√−g
{
i
2
ψ¯
(
γµDµ −m− a1Γiφi
)
ψ + Lφi,Aµ,R(x)
}
,
(1)
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where
√−g is the square root of the determinant of
the metric, Dµ is a covariant derivative with gauge and
vector fields, R(x) is the Ricci scalar, and the various
Lagrangian densities are denoted simply by Lk. In
most part of this work it is assumed that at least one
vector field can be treated classically - being eventu-
ally associated to a spontaneous symmetry breaking,
as a ”condensed” field. This can be considered for dif-
ferent phases of the early Universe. The non minimal
coupling of vector (gauge?) fields to gravity yields a
sort of ”effective mass” to them in strong gravitational
fields which may help condensation. In such condi-
tions spatial anysotropies can occur [9], given that the
vector fields usually are associated to gauge symme-
tries. The respective inhomogeneities could manifest
and have constraints due to the measured CMBR and
formation of large structures.
In the limit of flat space time the eigenvalues of
the Dirac equation for fermions and antifermions cou-
pled to a classical vector field are given by E± =
gV V0±
√
(p+V)2 + (M∗)2, where M∗ takes into ac-
count terms which modify the (anti)fermionic mass.
These solutions do not have the symmetry of the
matter-antimatter in the vacuum. Should the vector
field component V0 become negative at zero density
the eingenvalues associated to antimatter are more
relevant but at finite densities things are more subtle.
This component of the classical vector field might also
be due to certain gluonic degrees of freedom in the de-
confined phase of QCD at high temperatures/energy
densities [9, 14].
Considering that due to the curved metric and/or to
in medium effects the fermions have their wave func-
tion such that: ~∇ψ ≃ (~F−i.~k)ψ and ~∇ψ¯ ≃ (~G+i.~k)ψ¯
where F and G can be constants or functions of mo-
menta such that it is possible to define (different) ef-
fective masses for fermions and antifermions in a non-
homogeneous configuration.
However the geometry at the scale of the Universe is
determinant in several ways. The Dirac equation for a
fermionic and an antifermionic fields in a Friedmann-
Robertson-Walker metric are given by:
(iγµ(∇µ − gvV µ) +mψ − a1φ(x))ψ(x) = 0, (2)
(iγµ(∇µ − gvV µ)−mψ¯ + a1φ(x))ψ¯(x) = 0, (3)
where both the differential operator and the Dirac ma-
trices depend on the geommetry. Besides that the
masses were consider to incorporate eventual effects
from CPT breakdown. The particle number in curved
space time has intrinsic subtleties [13] which will not
be addressed here.
The usual scenario for describing the observed Uni-
verse with (nearly) equal quantities of matter and an-
timatter ( constituted by islands / domains of matter
and antimatter) considers that inflation would have
kept these domains apart hindering mutual annihila-
tion [4, 5]. However considering that most (if not all)
matter (antimatter) from the early Universe was cre-
ated just after inflation it is reasonable to think about
domains of matter and antimatter which could have
been kept apart due to particular mechanisms [5, 9]
reducing the flow of particles towards the annihilation
zone [4].
A. Finite densities in Minkowski space
Asymmetries between fermions and anti-fermions at
finite density (chemical potential) could have had dif-
ferent configurations and dynamics in the early Uni-
verse, as well as they seem to exhibit in relativistic
heavy ions collisions, and some other examples and
cases are considered elsewhere [8, 9, 11].
B. Some speculative scenarios
Different scenarios for the matter-antimatter (inho-
mogeneous) configurations can be formulated for dif-
ferent matter-antimatter asymmetries.
One of the most investigated possibilities for the
problem of antimatter in Cosmology was called ”anti-
matter islands” as discussed above [4]. Different ways
of explaning why the observations discussed above do
not provide evidences for these islands is proposed in
the following.
Even if the existence of stars/galaxies of antimatter
would be ruled out in the future cosmic rays inves-
tigations [5], other possibilities remain open. For in-
stance, these light nuclei could have been suppressed
in collisions before reaching Earth.
However if CPT had been broken in the Early Uni-
verse in such a way as to make antimatter domains to
collapse faster than matter ”antimatter made black
holes” (such the Primordial Black Holes) there would
have been formed. These ”anti-black holes” could
eventually be responsible for a considerable amount of
(hidden) antimatter. They could be even present in
very energetic places such as the center of the Galaxy
[17]. Effects in the dynamics of black holes and anti
black holes may not be observed however.
Finally consider the dynamics of relativistic
heavy ion collisions in particular associated to the
antiparticle-particle ratios (which increase with the in-
crease of energy densities) created at finite energy den-
sity [12]. Besides the possible contribution of (nonho-
mogeneous) vector fields (classical or not) as discussed
above for the case of particle-antiparticle ratios and
configurations it is also argued in [9, 11] that the dif-
ferent ratios in the yields of baryons and antibaryons
in relativistic heavy ions collisions may be a signature
of the restoration of the spontaneously breakdown of
chiral symmetry.
THUPO07
XXVI Physics in Collision, Bu´zios, Rio de Janeiro, 6-9 July 2006 3
C. Other developments
Antimatter in dense stars: di-antiquarks condensa-
tion. Some partial effects of classical tensor and vector
fields, eventually associated to classical gluonic config-
urations, were considered to the formation of super-
conductive states at very high densities in a schematic
model. These classical fields can favor the appear-
ance of condensates of di-antifermions < qq > besides
the usual di-fermions (di-quarks) condensates < qq >
in color superconductivity in a way similar to that
showed above for finite density fermions [15]. There
is the possility of coexistence in dense stars.
Raising issues on Hubble’s law Deviations from
the Hubble’s law expansion (eventually to be coped
with ideas related to the so called ”quintessence” [1])
can be suggested by: (i) the observation of very far
Supernova type I in the edges of the observed Uni-
verse, (ii) the small fluctuations in different scales of
distance-speed of recession of galaxies. The formation
of large scale structures from fluctuations still allows
to ask whether Hubble’s law [16] has anisotropic cor-
rections compatible with observations [1, 8]. In rela-
tivistic heavy ions collisions the flow of particles usu-
ally follow a quite well defined Hubble’s flow. However
there still are hints of deviations [14].
III. CONCLUDING REMARKS
In this article several scenarios were discussed for
the matter-antimatter asymmetry of the visible Uni-
verse. Some of the aspects can be eventually useful for
the investigation of antimatter present in relativistic
heavy ions collisions. Some issues relevant also for
the Hubble’s law (and eventually for the correspond-
ing Hubble’s flow in relativistic heavy ions collisions)
were also briefly discussed. It was pointed out that
CPT invariance might have been broken (more prob-
ably in the past), besides the usual breakdown of T
reversal (and the corresponding CP invariance) which
is observed in strong and weak processes, contributing
either to the stronger baryogenesis or the different sce-
narios in which the baryon-antibaryon asymmetry is
smaller than observed nowadays in Astrophysics. This
issue can have also relevance for the understanding of
other deep questions such as: where, when, how and
at which level does time arrow appear such that (our)
”thermodynamical” Universe emerges? would an ”an-
timatter thermodynamical domain of Universe” have
the same behavior and laws of our matter dominated
domain (if it is really a domain) In this sense it seems
to be fair to ask whether light antinuclei (He) from
anti-stars could be expected to be as abundant as the
light nuclei from stars ?
Acknowledgments
This work was supported in part by FAPESP. The
author thanks the organizing committee for the nice
workshop.
[1] See for example S. Singh, Big Bang: The Ori-
gin of the Universe, HarperCollins, (2004). L.P.L.
Colombo, M. Gervais, astro-ph/0607262. Y. To-
mozawa, astro-ph/0109109.
[2] For example in Int. J. Mod. Phys. D 17 (2002); Ref-
erences [3]. R.M. Santilli, Int. Journ. of Mod. Phys.
D 7, 351 (1998). M. Dine and A. Kusenko, Rev. of
Mod. Phys. 76 1 (2003) and references therein.
[3] C. Itzykson and J.-B. Zuber, Quantum Field The-
ory, McGraw Hill, Singapore, (1985). Conditions for
CPT violation, for example, in: Nick E. Mavromatos,
hep-ph/0504143. Tests on CPT, for example: N. Rus-
sell, hep-ph/0511262.
[4] See for example: A.G. Cohen, A de Ru´jula, S.L.
Glashow, The Astrophys. Journ. 495, 539 (1998) . G.
Auriemma, Chin. J. Astron. Astrophys. 3, 30 (2003).
[5] For fair review and status of experimental constraints
on antimatter in the Universe: D. Casadei, arXiv:
astro-ph/0405417.
[6] A.D. Sakharov, JETP Lett. 6, 24 (1967).
[7] S. Weinberg, The Quantum Theory of Fields -II,
Cambridge University Press, (1996).
[8] F.L. Braghin, to be published in Int. Journ. of Mod.
Phys. D; and references therein. Talk at Journey on
Bosons and Gauge symmetries and related subjects,
IF-USP, August 2002, without proceedings,
[9] F.L. Braghin, Work presented at International Work-
shop on Multiparticle Dynamics, Paray, RJ, Brazil,
September 2006.
[10] F.L. Braghin, Braz. J. of Phys. 34-3A, 763 (2004).
[11] F.L. Braghin, pre-print IF-USP (2005), submitted to
publication, in preparation.
[12] See for example in: HADRON-RANP Joint Work-
shop April 2004, ed. by M. Bracco et al, AIP 739,
(2004) and references therein. J. Cleymans et al,
hep-ph/0511094. J.W. Harris, Nucl. Phys. A 734, 3
(2004). And references therein.
[13] N.D. Birrell and P.C.W. Davies, Quantum fields in
curved space, Cambridge Univ. Press, Cambridge
(1982). S.A. Fulling, Aspects of Quantum Field The-
ory in Curved Space-Time, London Math Society,
S.T. 17, C. U. P., Cambridge (1996).
[14] See, for example, in International Workshop on Mul-
tiparticle Dynamics, Paray, RJ, Brazil, September
2006.
[15] F.L. Braghin, contribution to the 18th International
Conference on Few Body, Santos, SP, Brazil, August
2006.
THUPO07
4 XXVI Physics in Collision, Bu´zios, Rio de Janeiro, 6-9 July 2006
[16] S. Ahlen et al, Nucl. Instrum. Meth. A 350, 351
(1994).
[17] J.Dunning-Davies, arxiv-ph/0402290. N. Bilic et al,
astro-ph/0310294.
THUPO07
